Abstract Multisensory convergence is the Wrst, requisite step in the process that generates neural responses to events involving more than one sensory modality. Although anatomical studies have documented the merging of aVerents from diVerent sensory modalities within a given area, they do not provide insight into the architecture of connectivity at the neuronal level that underlies multisensory processing. In fact, few anatomical studies of multisensory convergence at the neuronal level have been conducted. The present study used a combination of tract-tracing, immunocytochemistry, and confocal microscopic techniques to examine the connections related to crossmodal auditory cortical inputs to somatosensory area SIV. Axons labeled from auditory cortex were found in contact with immunolabeled interneurons in SIV, some of which also colocalized vesicular glutamate transporter 1, indicating the presence of an active, glutamatergic synapse. No speciWc subtype of inhibitory interneuron appeared to be targeted by the crossmodal contacts. These results provide insight into the structural basis for multisensory processing at the neuronal level and oVer anatomical evidence for the direct involvement of inhibitory interneurons in multisensory processing.
Introduction
For separate physical events transduced by diVerent sensory receptors (e.g., retina, cochlea, skin, etc.) to inXuence one another in the brain, information from the diVerent sensory modalities must converge onto individual neurons. In this way, post-synaptic currents generated by diVerent sensory inputs can merge on the same membrane to produce an integrated response. Therefore, convergence at the neuronal level represents the deWning, Wrst step in multisensory processing. Curiously, despite numerous anatomical studies of multisensory aVerents to speciWc brain areas (some examples in cat include: Reinoso-Suarez and Roda 1985; Bowman and Olson 1988; Harting et al. 1992; Dehner et al. 2004; Clemo et al. 2008; Hall and Lomber 2008) , almost nothing is known about convergence onto individual neurons.
In perhaps the only electron microscopic documentation of multisensory convergence, a bouton from a trigeminal neuron was shown to synapse with a dendrite in the cochlear nucleus (Shore et al. 2000) , which was consistent with the excitatory, somatosensory-auditory responses observed there (Shore et al. 2003 ). However, a major impediment to anatomical studies of multisensory convergence has been in discriminating and identifying recipient neurons from the neuropil. A possible solution would be to selectively label speciWc subpopulations of neurons. Because inhibitory interneurons represent only a fraction (»20%) of the neocortical neuronal population, immunocytochemical techniques can readily isolate their neuronal proWles (for review, see DeFelipe 1993) . Therefore, a combination of immunocytochemical and tract-tracing techniques could be used to examine multisensory convergence at the neuronal level using confocal microscopy (after Vinkenoog et al. 2005) . For the present study, the crossmodal projection between the auditory Weld of the anterior ectosylvian sulcus (FAES; Clarey and Irvine 1986; Meredith and Clemo 1989) and somatosensory area SIV (Clemo and Stein 1983 ) served as our model. Because the auditory FAES projection to somatosensory SIV originated from pyramidal neurons, and electrical activation of this projection suppressed somatosensory responses in SIV via GABA-ergic mechanisms (Dehner et al. 2004) , it was our hypothesis that some portion of the FAES projection to SIV (see Fig. 1a ) would terminate on inhibitory interneurons. A preliminary abstract of these results has been reported .
Methods
All procedures were conducted in accord with the National Research Council's Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (2003) and with the approval of the Animal Care and Use Committee of the Virginia Commonwealth University. The following procedures and assumptions are essentially the same as Vinkenoog et al. (2005) for confocal identiWcation of anatomical contacts onto immunocytochemically identiWed neurons.
Surgery, tracer injection, and histological processing Cats (n = 3) were prepared as described in detail (Dehner et al. 2004 ) except that the neuroanatomical tracer F-BDA Fig. 1 Confocal images of somatosensory SIV neurons (red) contacted by boutons that originated in auditory FAES (green). (Top inset) The schematic of the cat cortex shows the anterior ectosylvian sulcus (opened) which contains somatosensory (Area SIV) receiving inputs (arrow) from auditory (FAES). (Cr) A 3-dimensional rendering of a trimmed confocal stack containing Calretinin-positive SIV interneuron (red; note also its deWnitive bipolar shape, scale bar 10 m) was contacted by two axons (green) that were labeled from auditory area FAES. Each of the axo-dendritic points of contact are enlarged on the right (boxed; scale bar 1.0 m) to reveal the putative bouton swelling. The point of contact is rotated from this central panel (boxed) by 90° above, below, and to the side to demonstrate that the green-labeled synaptic swelling maintained contact with the red-labeled dendrite when viewed from each of the diVerent perspectives. (Pv & Cb) Voxel models of two other SIV inhibitory interneurons (Parvalbumin-top; Calbindin-bottom) made from images taken with a 63£/NA 1.4 objective lens, cropped to individual neuron(s). In each model, projections from auditory FAES terminate in close apposition (at arrows) with the depicted SIV interneurons, such that upon 3-D rotation of the image revealed no gaps between the two surfaces (rotations not shown). Scale bars 5 m (Fluoroemerald; #D1820, Molecular Probes; 10% in 0.1 M phosphate buVer) was used. To inject the FAES, a 5-l syringe with the tracer was held by a carrier angled 53-60E (from vertical), with 35-40E cant (posterior from coronal plane) and the needle tip was inserted at a point 0.8-1.5 mm anterior to the vertical limb of the AES to a depth of 5.25-5.70 mm (after Dehner et al. 2004) . The tracer was pressure-injected into the auditory FAES. Following a 7-to 9-day period for tracer transport, the animal was euthanized, Wxed, and the brain removed for processing. The cortex surrounding the anterior ectosylvian sulcus was stereotaxically blocked, cryoprotected, and sectioned (50 m) serially in the coronal plane on a freezing microtome. A series of sections taken at 200-m intervals was processed for BDA using an avidin-biotin reaction (Veenman et al. 1992 ) with nickel-cobalt (Ni-Co) intensiWcation. This series was used to conWrm, using light microscopy, the location of the FAES injection site, which was required to label the medial and dorsomedial portions of the bank of the AES where the FAES lies submerged in the middle ectosylvian gyrus (FAES criteria of Dehner et al. 2004) . Light microscopy was also used to select, by the presence of labeled axons, the areas of SIV (deWned as the anteriordorsal bank of the AES; criteria of Clemo and Stein 1983) to be examined subsequently with confocal laser scanning microscopy.
Immunocytochemistry
To visualize inhibitory interneurons, tissue sections containing somatosensory area SIV were immunolabeled for the presence of Calbindin (CB), Calretinin (CR), or Parvalbumin (PV)-positive interneurons (calcium-binding proteins that co-localize with GABA; e.g., Clemo et al. 2003) . Serial coronal sections were taken for each marker at 200-m intervals through SIV. First, the sections were washed (3 £ 5 min) in phosphate-buVered 0.9% saline (PBS). NonspeciWc blocking was done in 10% normal goat serum (NGS)/1% bovine serum albumin (BSA) in PBS (1 h at RT). Primary antibodies used were either polyclonal rabbit anti-feline parvalbumin (courtesy of CW Heizmann; see Stichel et al. 1986 ), mouse monoclonal anti-calbindin, (C-9848, Sigma), or mouse monoclonal anti-calretinin (MAB1568, Chemicon) at 1:750 dilution ratio in 1% NGS/ 1% BSA in phosphate buVered saline (PBS). Primary antibody incubation was accompanied by gentle agitation for 1 h at room temperature, followed by a minimum of 12 h at 4°C. Following primary incubation, each series was washed in PBS (3 £ 5 min). Next, to enhance F-BDA tracer visualization, sections were incubated in Streptavidin-Fluorescein (FITC) at 1:100 in PBS with gentle agitation (1 h at RT). Finally, each series was exposed to a secondary antibody of goat anti-mouse IgG conjugated to either Rhodamine (TRITC) and/or Cy5 at 1:100 with mild agitation (1 h at RT). Each series was wet mounted (Biomedia Gel/Mount), cover slipped, and sealed. Procedural controls included a non-speciWc absorption series using a pooled Mouse IgG serum fraction at 1:750 and a deletion series with no application of primary antibody to assess secondary antibody and streptavidin speciWcity.
In a separate series of sections taken from one case, sections received additional immunoprocessing to visualize vesicular glutamate transporter 1 (vGlut1), a pre-synaptic membrane-bound transporter that is critical for quantal regulation and release of synaptic vesicles at active glutamatergic synapses (Fremeau et al. 2001; Graziano et al. 2008) . In addition to the presence of FITC-BDA and PV immunoreactive interneurons (as described above), this series of sections was also incubated with a monoclonal antibody raised in mouse against recombinant rat vGlut1 protein (MAB5502, Chemicon) at 1:1,000 dilution. The vGlut1 primary antibody was then exposed to a secondary antibody (goat anti-mouse IgG) conjugated to Xuorescent marker Cy5 at 1:100 dilution. NonspeciWc controls and mounting were identical to the other series, described earlier.
Confocal laser scanning microscopy
Images were derived only from those cases in which injections were restricted to the medial part of the FAES (Clarey and Irvine 1986; Meredith and Clemo 1989 ) that resulted in terminal labeling in SIV (deWned by Clemo and Stein 1983) . Selected sections were examined by a laser scanning confocal microscope (TCS SP2 AOBS, Leica Microsystems). First, low magniWcation terminal Welds of FAES axons in SIV were imaged to facilitate selection of optimal bouton Welds where subsequent high-magniWcation (63£ oil immersion lens; NA 1.4) image stacks were then collected. PMT voltage, gain, and oVset were set at the time of capture to optimize signal to noise ratios. Confocal imaging was sampled with an average dimension of 761 £ 761 £ 119 pixels.
Data analysis
Post imaging stacks were imported into Volocity (Improvision, Lexington, Ma.) on a PC workstation. To correct for point-spread function distortions in the z axis, 3-D adaptive blind deconvolution processing was conducted (AutoQuant, Media Cybernetics, Bethesda, Md.). For ease of examination, both native and deconvolved stacks were then cropped into individual stacks comprising one or two immunolabeled neuron(s) and its surround. The trimmed stacks were then reimported into Volocity and examined for contacts in three dimensions. A contact was deWned as a FITC-labeled axonal swelling/bouton and a TRTC/Cy5 labeled neuron between which no visible gap could be observed from any point of rotation. The immunocytochemical type of each SIV neuron examined (CB, CR, and PV), the presence (or absence) of FAES contact(s), and the number of contacts and their location on the neuron (somatic, proximal dendrite) were tabulated.
IdentiWcation of vGlut1 label in correspondence with synaptic contacts involved identical confocal methods. Designation of a contact as representing an active synapse required that the 3-dimensional examination of an axon swelling show (1) no gap between it and the postsynaptic membrane of a well-deWned immunopositive neuron, and (2) the presence of vGlut1-positive patch or disk. Furthermore, (3) the vGlut1 label had to be present inside the bouton swelling near the apposition of the pre-and postsynaptic membranes (Hagiwara et al. 2005) . Neuronal proWles that met all three criteria were regarded as representing an active, glutamatergic synapse between an auditory FAES axon terminal and a somatosensory SIV interneuron. The number and location (cell body or dendrite) of examined contacts with PV-immunopositive interneurons with or without vGlut1 colocalization were tabulated.
Results
Immunocytochemical procedures to visualize Calbindin (CB), Calretinin (CR) or Parvalbumin (PV) revealed morphological patterns indicative of interneurons (e.g., spherical, non-pyramidal shaped somas, multipolar or bipolar with horizontal or vertical-oriented dendrites; for review see DeFelipe 1993) that were distributed in distinctive laminar patterns within the SIV consistent with previous reports (Clemo et al. 2003) . Confocal laser scanning microscopy of labeled SIV interneurons generated a total of 39 image stacks for which 3-D renderings were created. The average physical stack size was 157 £ 157 £ 16 m, yielding an average voxel dimension of 269 £ 269 £ 246 nm. With an average bouton diameter of 0.5-1 m, these structures were well within the resolving power of both the initial microscopy and ensuing computer modeling.
From the volume-rendered models, a total 283 immunocytochemically labeled SIV neurons were examined. They were all identiWed within the supragranular layers where these forms of interneurons have been previously described (Clemo et al. 2003) and where boutons of FAES axons are known to preferentially terminate (Dehner et al. 2004 ). Of these, 3-D rotation and analysis demonstrated that 112 (40%) received at least one anatomical contact by inputs labeled from the FAES. Examples of such crossmodal contacts are presented for each type of SIV immunolabeled neuron in Fig. 1 . In each case, a FITC-labeled axon from the FAES passed in close proximity to an immunololabeled SIV neuron and exhibited one or more swellings in apposition to the surface of the SIV neuron (deWned here as an anatomical contact). Three-dimensional inspection of the bouton/neuron relationship conWrmed the contact between the two structures. Examples of FAES-SIV contacts were observed among each type of immunopositive (CB, CR, PV) neuron examined in SIV and the proportion of each interneuron type with FAES contacts was strikingly similar (see Table 1 ). In most cases (57%; 64/112), one FAES contact was identiWed in association with an SIV interneuron, while multiple contacts (up to 6 per neuron) were also frequently (43%; 48/112) observed. FAES contacts were found on the somas as well as dendrites of FAES interneurons. Again, similar proportions of contacts were found on the somas of the diVerent SIV neurons (CB 60%; CR 75%; PV 72%) as well as on their dendrites (CB 55%; CR 54%; PV 34%; note that values sum >100% because some had contacts on both soma and dendrites). Thus, no class of SIV interneuron appeared to receive preferential innervation from FAES, and anatomical contacts from FAES inputs were not restricted to a particular neuronal compartment.
To correlate anatomical contact sites with features deWnitive of synapses, a subset of axon-interneuron contacts was examined further for the presence of the glutamate vesicular transporter, vGlut1. This molecule identiWes an excitatory synapse (Takamori et al. 2000) and is a speciWc marker of vesicular glutamate (Herzog et al. 2006) . A total of six image stacks were taken from tissue containing FITC-BDA labeled axons from auditory FAES and immunoreacted for PV-positive SIV interneurons as well as the vGlut1 molecule. For this analysis, the average physical stack size was 180 £ 180 £ 7 m, giving an average voxel dimension of 92 £ 92 £ 364 nm. From the confocal stacks, 33 neurons identiWed as PV-positive also exhibited contacts (n = 59) with FAES FITC-labeled axons. A majority (54%; 32/59) of these anatomical contacts were positive for vGlut1 immunolabeling (illustrated in Fig. 2 ), indicative of a functional synapse.
Discussion
The combination of anatomical techniques used here visualized the simplest form of multisensory convergence at the neuronal level: inputs from one modality (auditory, FAES) made contact with individual neurons in the representation of another modality (somatosensory, SIV). Furthermore, the presence of vGlut1 at FAES contacts with PV-positive SIV interneurons indicates that the synapse is active and glutamatergic (Takamori et al. 2000; Hagiwara et al. 2005; Herzog et al. 2006) . That the vGlut1 molecule was present at the FAES-SIV synapse is also consistent with the origin of the projection from pyramidal neurons (generally regarded as glutamatergic) in FAES (Dehner et al. 2004 ).
The combination of anatomical techniques used here (modiWed from Vinkenoog et al. 2005 ) identiWed anatomical contacts with submicron resolution onto PV-, CB-, and CR-positive neurons, or identiWed functional synapses (using vGlut1 marker) onto PV-positive neurons. In the latter condition, approximately half of the anatomically identiWed contacts were demonstrated to be functional synapses. This is not surprising because other studies have observed diVerences between confocal and electron microscopic identiWcation of synapses (e.g., da Costa and Martin 2009) . However, if the same proportions identiWed for PV-positive neurons represent functional synapses on CB-and CR-positive neurons, then these data suggest that neither type of SIV inhibitory interneuron is preferentially targeted by the auditory FAES projection. This issue deserves further investigation. Also, it should be noted that these observations do not rule out the likely contact of FAES projections to aspects of SIV principal neurons, whose connectivity must be addressed using other methodologies.
The presence of excitatory inputs from auditory FAES onto SIV neurons would suggest that these contacts would underlie the generation of bimodal auditory-somatosensory neurons in this region. Numerous electrophysiological examinations of SIV have been conducted, yet bimodal neurons (e.g., those that showed suprathreshold activation to separate auditory and somatosensory stimulation) were rarely encountered (1% bimodal Clemo and Stein 1983; 0% Rauschecker and Korte 1993; 8% Jiang et al. 1994; 2% Benedek et al. 1996; 2% Dehner et al. 2004 ). Although several studies in this region have indicated that bimodal neurons tend to be located at the borders between adjoining representations of diVerent sensory modalities (Meredith 2004; Wallace et al. 2004 ), the present tissue samples were obtained distant from this transition zone to avoid labelingartifact from the FAES injection site. Furthermore, stimulation of the FAES projection did not reveal any SIV neurons activated by separate auditory and somatosensory stimulation (i.e., bimodal), and it seems possible that the recording properties of the electrodes may have been insensitive for sampling activity of these characteristically small neurons (Clemo et al. 2003) . However, their inXuence was indirectly measurable on SIV principal neurons, since 70% had their somatosensory-evoked activity suppressed by the crossmodal inputs (Dehner et al. 2004) . Consequently, these principal SIV neurons were neither unisensory nor bimodal but, due to the modulation of their somatosensory responses by auditory activation of inhibitory neurons, were designated as a subthreshold form of multisensory neuron. As such, they join the growing number of examples of subthreshold multisensory neurons identiWed in other regions of the brain Sugihara et al. 2006; Allman and Meredith 2007; Carriere et al. 2007; Clemo et al. 2007; Allman et al. 2008 Allman et al. , 2009 Meredith and Allman 2009; Keniston et al. 2009 ). The present results, therefore, are consistent with the projection of auditory FAES inputs to SIV inhibitory interneurons that, in turn, subtly modulate the somatosensory activity of principle SIV neurons (summarized in Fig. 14 , Dehner et al. 2004) .
Ultimately, the present study provides anatomical evidence that inhibitory interneurons, of a variety of subtypes, have the potential to play a key role in cortical multisensory processing. Inhibitory interneurons are well known for their role in shaping modality-speciWc receptive Weld properties, such as sharpening of frequency tuning in auditory cortex (e.g., Fuzessery and Hall 1996; Richter et al. 1999; Wang et al. 2000) , orientation tuning in visual areas (Sillito et al. 1985) , and spatial inhibition in barrel Weld/somatosensory cortex (e.g., Chowdhury and Rasmusson 2002; Li et al. 2002) . In the present study, auditory FAES inputs to SIV were distributed in comparable proportions to each of the diVerent sub-classes of interneuron (i.e., PV-, CR-and CBpositive) suggesting that FAES inputs similarly drive interneurons with diVerent functional and connectional patterns. In addition, individual classes of inhibitory interneurons are extensively interconnected into local networks (Amitai et al. 2002; Markram et al. 2004) , such that a given interneuron can inXuence a much larger pool of similar neurons and, thereby, regulate large populations of cortical neurons in a synchronous fashion. Similarly, the eVects of the FAES projection to SIV are likely to be distributed broadly across the diVerent cortical layers and region and may underlie general, non-speciWc eVects, such as attention (e.g., see Teder-Salejarvi et al. 1999) , regulation of regional oscillatory patterns (Lakatos et al. 2007) , and/or the dynamic control of Wring modes (Wang et al. 2007 ).
